Objective: The transient increase of the cytoplasmic free calcium level plays a key role in the process of lymphocyte activation. Kv1.3 and IKCa1 potassium channels are important regulators of the maintenance of calcium influx during lymphocyte activation and present a possible target for selective immunomodulation. Design: Case-control study. Subjects and methods: We took peripheral blood samples from 10 healthy individuals and 9 recently diagnosed rheumatoid arthritis (RA) patients receiving no anti-rheumatic treatment. We evaluated calcium influx kinetics following activation in CD4, Th1, Th2 and CD8 cells applying a novel flow cytometry approach. We also assessed the sensitivity of the above subsets to specific inhibition of the Kv1.3 and IKCa1 potassium channels. Results: The peak of calcium influx in lymphocytes isolated from RA patients is reached more rapidly, indicating that they respond more quickly to stimulation compared to controls. In healthy individuals, the inhibition of the IKCa1 channel decreased calcium influx in Th2 and CD4 cells to a lower extent than in Th1 and CD8 cells. On the contrary, the inhibition of Kv1.3 channels resulted in a larger decrease of calcium entry in Th2 and CD4 than in Th1 and CD8 cells. No difference was detected between Th1 and Th2 or CD4 and CD8 cells in the sensitivity to IKCa1 channel inhibition among lymphocytes of RA patients. However, specific inhibition of the Kv1.3 channel acts differentially on calcium influx kinetics in RA lymphocyte subsets. Th2 and particularly CD8 cells are inhibited more dominantly than Th1 and CD4 cells. Conclusion: The inhibition of Kv1.3 channels does not seem to be specific enough in peripheral RA lymphocytes, since anti-inflammatory Th2 cells are also affected to a noteworthy extent.
Introduction
The short-term activation of peripheral blood and synovial fluid T lymphocytes, especially that of autoreactive T cells plays a crucial role in initiating and maintaining the chronic inflammation in the joints of patients suffering from rheumatoid arthritis (RA). These cells regulate the inflammatory process resulting in the destruction of the articular cartilage and also play a role in extra-articular Abbreviations: AUC, area under the curve; [Ca 2+ ]cyt, cytoplasmic free calcium level; CRAC, calcium release activated calcium; Max, maximum value; MGTX, margatoxin; PBMC, peripheral blood mononuclear cell; PHA, phytohemagglutinin; RA, rheumatoid arthritis; TCM, central memory T cell; TEM, effector memory T cell; tmax, time to reach maximum value; TRAM, triarylmethane.
* Corresponding author. Tel.: +36 20 4367181; fax: +36 1 3138212.
E-mail address: toldigergely@yahoo.com (G. Toldi).
damage. The transient increase of the cytoplasmic free calcium level ([Ca 2+ ] cyt ) is a cornerstone in the process of lymphocyte activation and pathological functioning of lymphocytes in RA. The engagement of the TCR/CD3 complex upon antigen presentation leads to calcium release from intracellular stores that is followed by further calcium entry from the extracellular space through the store-operated calcium release activated calcium (CRAC) channels. The influx of calcium is maintained by the function of potassium channels that conserve the electrochemical potential gradient via the efflux of potassium from the cytoplasm. There are two major types of potassium channels in T cells: the voltage-gated Kv1.3 and the calcium-activated IKCa1 channels. Kv1.3 channels are activated upon the depolarization of the cell and sense alterations of the membrane potential. In contrast, IKCa1 channels are activated by the rise of [Ca 2+ ] cyt above 100 nM (Hu et al. 2007; Panyi 2005) .
In spite of the increasing number of modern targeted therapeutic strategies (such as anti-TNF alpha or anti-IL-6 agents), there is limited data available on their specific effect on disease-causing autoreactive lymphocytes. Therefore, novel immunomodulators with improved specificity for autoreactive T cells are needed. Recent reports raised the notion that the inhibition of lymphocyte potassium channels, especially that of the Kv1.3 channel would be an optimal solution for specific immunosuppression in autoimmune disorders, including RA (Beeton et al. 2001 (Beeton et al. , 2006 Wulff et al. 2003) . The relationship between the calcium currents through CRAC channels and the efflux of potassium makes the proliferation and activation of lymphocytes sensitive to pharmacological modulation of Kv1.3 and IKCa1 channels, and provides an opportunity for targeted intervention. Experimentally, specific inhibition of these channels results in a diminished calcium influx in lymphocytes and a lower level of lymphocyte activation (Panyi et al. 2006) . Beeton et al. (2006) demonstrated that disease associated autoreactive T cells isolated from RA patients are principally CCR7-CD45RA-effector memory T cells (TEM cells) with elevated Kv1.3 potassium channel expression, in contrast with naive and central memory T cells (TCM cells) that express low levels of Kv1.3 channels. Hence, Kv1.3 inhibitors preferentially suppress calcium signaling, cytokine production and proliferation of autoantigen-specific TEM cells while sparing other classes of T cells. Furthermore, Beeton and colleagues evaluated the therapeutic potential of Kv1.3 inhibitors in pristane-induced chronic arthritis, a rat model of RA. Animals treated with a specific blocker of the Kv1.3 channel had significantly fewer affected joints and showed significant improvement in radiological and histopathological findings (Beeton et al. 2006) . Additionally, no clinical signs of toxicity were identified during the trial.
However, systemic treatment with lymphocyte potassium channel inhibitors would affect lymphocytes not only locally in the synovium, but also those in peripheral blood. Therefore, in this study we aimed to characterize the effects of lymphocyte potassium channel inhibition on short-term peripheral blood T lymphocyte activation in major lymphocyte subsets of patients recently diagnosed with RA. We employed a kinetic flow cytometry method to describe calcium influx characteristics of the CD4, Th1, Th2 and CD8 subsets and its sensitivity to the inhibition of Kv1.3 and IKCa1 lymphocyte potassium channels.
Materials and methods

Patients
We enrolled 10 healthy individuals and 9 recently diagnosed RA patients (early RA patients), who had not received antirheumatic treatment, including non-steroidal anti-inflammatory drugs (NSAIDs), disease modifying anti-rheumatic drugs (DMARDs) and glucocorticoids until the time of blood sampling. Clinical parameters of study participants are summarized in Table 1 . RA patients were diagnosed according to the latest ACR/EULAR criteria (Aletaha et al. 2010) . Healthy controls had a negative history of rheumatic symptoms and negative status upon detailed physical and laboratory examination. No co-morbidities were detected in patients and controls that could have influenced our investigation, nor did they take any medication that could have interfered with the measurements. Written informed consent was obtained from all subjects, and our study was reviewed and approved by an independent ethical committee of the university. Laboratory studies and interpretations were performed on coded samples lacking personal and diagnostic identifiers. The study was adhered to the tenets of the most recent revision of the Declaration of Helsinki. 
Fluorescent staining
Our measurements were carried out as described earlier (Toldi et al. 2011) . Briefly, peripheral blood mononuclear cells (PBMCs) were isolated by a standard density gradient centrifugation from 9 mL of freshly drawn peripheral venous blood and afterwards kept in a modified RPMI medium (calcium concentration: 2 mM) throughout the following steps of the procedure. PBMCs were then incubated with the following conjugated anti-human monoclonal antibodies in order to differentiate T lymphocyte subsets ( 
Flow cytometry
PBMCs were equally distributed into three vials. The first vial was used as control. The second vial was treated with margatoxin (MGTX, 60 nM), a selective blocker of the Kv1.3 channel. The third vial was treated with a triarylmethane compound (TRAM, 60 nM), a specific inhibitor of the IKCa1 channel. PBMCs were activated by the addition of 20 g phytohemagglutinin (PHA) and the measurements were initiated directly afterwards on a BD FACSAria flow cytometer. Cell fluorescence data were measured and recorded for 10 min in a kinetic manner.
Data evaluation
Recordings were evaluated with our specific software (FacsKin), based on the calculation of a double-logistic function for each recording (Kaposi et al. 2008; Toldi et al. 2011 ). This function is used to characterize measurements that have an increasing and a decreasing intensity as time passes. The software also calculated parameter values describing each function, such as the Area Under the Curve (AUC), Maximum (Max), time to reach maximum (t max ), and Slope values. AUC values correspond to the sum of [Ca 2+ ] cyt increase, which further corresponds to the level of lymphocyte activation (Panyi 2005) . Max values represent the peak value of the calcium influx curve upon lymphocyte activation. t max values describe how soon the peak value of the calcium influx curve is reached. The Slope value reflects how rapidly the peak of calcium influx is reached. A detailed description of the evaluation process can be found at www.facskin.com.
Statistics
Data are expressed as median and interquartile range. Comparisons between two sample groups were made with the Mann-Whitney test. For comparisons between paired values in the same group Wilcoxon tests were applied. p values less than 0.05 were considered significant. Statistics were calculated using the R software.
Results
Clinical data
As seen in Table 1 , the age and gender distribution of participants were similar in both study groups. Inflammatory parameters (erythrocyte sedimentation rate and C reactive protein values) were higher in RA patients than in healthy controls.
The frequency of the investigated lymphocyte subsets
We determined the frequency of CD4, Th1, Th2 and CD8, cells in samples of both study groups (Table 2) . CD4+ CXCR3+ cells were regarded as Th1 lymphocytes, while CD4+ CCR4+ cells were regarded as the Th2 subset. While no significant difference was detected regarding individual cell subsets among the study groups, the ratio of Th1 and Th2 cells was significantly lower in the RA group in comparison with healthy individuals.
Calcium influx kinetics during lymphocyte activation
The calculated parameter values (AUC, Max, t max and Slope) were compared following lymphocyte activation with PHA between healthy subjects and RA patients. The parameters are Table 3 and Fig. 2 . Slope values showed no alteration between the study groups in the investigated lymphocyte subsets, and therefore are not included in Table 3 . Within the CD4 population, AUC and t max values of calcium influx were decreased in RA patients compared with healthy controls. When focusing on the Th1 subset, the decrease was present in the AUC, Max and t max values, while in Th2 lymphocytes solely the t max value was lower. We found no difference in the parameters of calcium influx in the CD8 subset.
The effects of potassium channel inhibitors on lymphocyte calcium influx
We evaluated the effect of specific inhibitors of the Kv1.3 and IKCa1 channels (MGTX and TRAM, respectively) on parameter values of calcium influx in both study groups. Results are shown in Table 3 and Fig. 2 . Slope values showed no alteration in the investigated lymphocyte subsets of the study groups upon inhibitor treatment. MGTX and TRAM treatment decreased AUC values of all investigated lymphocyte subsets in samples of both study groups. The Max value was decreased in all investigated lymphocyte subsets of healthy individuals and RA patients by MGTX. TRAM induced a decrease in the Max value of Th1, Th2 and CD8 cells isolated from healthy individuals, and in all investigated lymphocyte subsets of RA patients. The t max value was only decreased by TRAM in the CD8 subset of RA patients. The extent of the decrease in parameter values was characteristic for the investigated study group and the inhibited potassium channel in each subset, as detailed in "Discussion".
Kv1.3 channel expression in the investigated lymphocyte subsets
We evaluated the median fluorescence of the antibody against Kv1.3 channels in lymphocytes of both study groups. Median fluorescence was higher in RA patients compared with healthy individuals in the CD4+ (54 
Basal cytoplasmic calcium levels in the investigated lymphocyte subsets
We evaluated the ratio of the basal median fluorescence of calcium binding dyes in lymphocytes of both study groups. Basal median fluorescence was higher in RA patients compared with healthy individuals in the CD4+ (11,605 [5617-14,104] Table 3 The effects of the specific inhibitor of the Kv1.3 channel, margatoxin (MGTX) and the specific inhibitor of the IKCa1 channel, triarylmethane (TRAM) application on parameter values (AUC -Area Under the Curve in units (U), Max -maximum value in relative parameter value (rpv), tmax -time to reach maximum value in seconds (s)) of calcium influx kinetics in peripheral lymphocytes obtained from 10 healthy individuals and 9 recently diagnosed RA patients.
Subset
No 
Discussion
In this study, we investigated T lymphocyte calcium influx kinetics following activation in peripheral blood of recently diagnosed RA patients compared to healthy individuals. An advantage of our investigation is that all patients were enrolled very soon after the onset of disease (a few months after the presentation of the first symptoms). Therefore, they had not received any anti-rheumatic treatment until the time of blood sampling. It is important to note that they were diagnosed according to the latest ACR/EULAR guidelines (Aletaha et al. 2010 ) and all fulfilled the criteria of early definitive RA. Th1/Th2 ratio in RA patients and healthy subjects Based on the expression of cell surface chemokine receptors, the Th1/Th2 ratio was lower in RA patients than in healthy subjects. Although the difference of CD4+ CCR4+ (Th2) cell frequency did not reach the level of statistical significance in our study, we observed a tendency of higher frequency of this subset in RA patients in comparison with healthy individuals in peripheral blood. The increased expression of CCR4 has been previously noted by other investigations in RA, ankylosing spondylitis, and systemic lupus erythematosus (Szalay et al. 2012; Yang et al. 2004 ). Furthermore, Yang et al. (2004) demonstrated that the frequency of CD4+ CCR4+ cells was closely correlated with the elevated serum level of IL-10 in these disorders. These findings indicate that Th2 responses might be enhanced in the above mentioned diseases. Although RA is regarded as a Th1 polarized disease based on the elevated presence of pro-inflammatory cytokines (Bucht et al. 1996; Dolhain et al. 1996; van der Graaff et al. 1999) , Th2 responses might also be enhanced in peripheral blood, however, the immunoregulatory role of Th2 cells may be insufficient to control increased Th1 responses.
Calcium influx kinetics in RA patients and healthy subjects
In line with our previous study in another autoimmune disorder, multiple sclerosis, we found that lymphocytes isolated from RA patients respond more quickly to stimulation than those of healthy individuals (Toldi et al. 2011 ). This is represented by lower t max values, i.e. calcium influx reaches its peak earlier upon activation compared to healthy controls (Table 3 ). This finding is especially relevant in the Th2 subset, also indicating that Th2 responses might be enhanced in RA to control the ongoing inflammation. The increased reactivity of RA lymphocytes has already been noted by previous investigations. Buntinx et al. demonstrated that RA T cells show a sustained elevation of [Ca 2+ ] cyt compared with healthy controls when activated in the presence of interferon (IFN) gamma, along with a significantly augmented proliferation in response to suboptimal doses of PHA. Their results suggest that the IFN gammainduced calcium influx acts as a complementary mechanism in the activation of T cells from RA patients besides the conventional TCR/CD3-mediated pathway (Buntinx et al. 2002) .
Basal [Ca 2+ ] cyt levels in RA patients and healthy subjects
The findings of our study indicate that basal [Ca 2+ ] cyt was elevated in RA compared to healthy individuals. Nagy et al. also demonstrated earlier that peripheral blood T lymphocytes of RA patients are characterized by an increase in intracellular nitric oxide (NO) production along with elevated basal [Ca 2+ ] cyt levels (Nagy et al. 2008 ). An important outcome of their finding might be the effects of [Ca 2+ ] cyt on gene expression, in particular that of inflammatory cytokine. Distinct characteristics of calcium influx kinetics have been demonstrated to differentially influence the production of pro-and anti-inflammatory cytokines (Dolmetsch et al. 1998; Verheugen and Vijverberg 1995) .
The effects of potassium channel inhibitors on lymphocyte calcium influx
Our results revealed that the sensitivity of Th1 and Th2 cells to IKCa1 channel inhibition was different in lymphocytes isolated from healthy individuals. Treatment with TRAM, the specific inhibitor of the IKCa1 channel decreased calcium influx in Th2 cells to a lower extent than in Th1 cells. On the contrary to IKCa1, the inhibition of Kv1.3 channels resulted in a larger decrease of calcium entry in Th2 than in Th1 cells. This is in line with previous Fig. 3 . The effects of Kv1.3 and IKCa1 potassium channel inhibitors on calcium influx kinetics in CD8 lymphocytes of recently diagnosed RA patients (data of a representative sample). Kinetic flow cytometry measurements indicate that compared to lymphocytes with no inhibitor treatment, the application of margatoxin (MGTX), the specific blocker of the Kv1.3 channel resulted in a greater decrease of calcium entry (represented by relative parameter value) than that of triarylmethane (TRAM), the specific inhibitor of the IKCa1 channel upon activation of samples with phytohemagglutinin.
findings of ours and others (Fanger et al. 2000; Toldi et al. 2012) . In healthy individuals, CD4 cells were more sensitive to the inhibition of Kv1.3 channels than the CD8 subset, responding with a higher level of decrease of the AUC value upon the application of MGTX. However, upon treatment with TRAM, CD8 cells showed a larger decrease in AUC and Max values than CD4 cells (Table 3) .
In contrast with healthy subjects, no difference was detected between Th1 and Th2 or CD4 and CD8 cells in the sensitivity to IKCa1 channel inhibition among lymphocytes of RA patients. The difference in the decrease of AUC upon MGTX treatment was also smaller in RA than in healthy controls, however, the decrease was still more considerable in Th2 cells. Furthermore, in RA lymphocytes, MGTX inhibited CD8 cells to a higher extent instead of CD4 cells. These results indicate that MGTX, a specific blocker of the Kv1.3 channel acts differentially on calcium influx kinetics in major peripheral blood lymphocyte subsets of RA patients: Th2 and CD8 cells are inhibited more dominantly than Th1 and CD4 cells (Table 3 ).
Kv1.3 channel expression in RA patients and healthy subjects
The above mentioned results may be due to altered functionality or changes in the expression of Kv1.3 channels. Therefore, we measured the expression of these channels on the investigated lymphocyte subsets using a specific antibody. However, changes to the sensitivity of Kv1.3 channel inhibition seem to be unrelated to its altered expression, and therefore, do not explain our findings. Hence, functional alterations of the Kv1.3 channel must also play a role in differential sensitivity upon inhibition detected between RA patients and healthy controls. Of note, due to the lack of commercially available antibodies against the other investigated potassium channel, we could not perform a similar measurement in case of IKCa1.
The specificity of Kv1.3 channel inhibition in RA patients Based on our results, the immunomodulatory effect of Kv1.3 channel inhibition is predominantly seen in cytotoxic (CD8) T cells in RA (Fig. 3) . However, this effect does not seem to be as specific as reported before by Beeton and colleagues in case of TEM cells (Beeton et al. 2006) , since anti-inflammatory Th2 cells are also affected to a noteworthy extent. This subset has an important role in counterbalancing the ongoing inflammatory process, and therefore its inhibition is not useful in the treatment of RA. A reason for limited specificity of Kv1.3 inhibition in peripheral lymphocytes might be the differential distribution of disease-associated autoreactive T cells in RA patients on local and systemic levels. In the synovial fluid (locally), autoreactive TEM cells, expressing high numbers of Kv1.3 channels are abundantly present. However, this Kv1.3 pattern was not detected in peripheral blood T cells, because autoreactive TEM cells are infrequent in the circulation. Peripheral blood T cells were predominantly found to be naive and TCM cells (Beeton et al. 2006) .
Conclusion
In conclusion, specific inhibition of the Kv1.3 channel acts differentially on calcium influx kinetics in major peripheral blood lymphocyte subsets of RA patients. Th2 and in particular CD8 cells are inhibited more dominantly than Th1 and CD4 cells. Changes to the sensitivity of Kv1.3 channel inhibition seem to be unrelated to its altered expression in the investigated lymphocyte subsets. The inhibitory effect does not seem to be as specific as reported before in case of autoreactive T cells, since anti-inflammatory Th2 cells are also affected to a noteworthy extent. A reason for limited specificity of Kv1.3 inhibition in peripheral lymphocytes might be the differential distribution of disease-associated autoreactive T cells in RA patients in the synovial fluid and the circulation.
